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      Computer Simulations of Apomyoglobin Folding 
 
     Mariangela Dametto 
 
    Abstract 
 
   The differences between refolding mechanisms of sperm whale apomyoglobin 
  (apoMb) subsequent to three different unfolding conditions have been examined by 
  atomistic level computer simulations. The three unfolding conditions used in this 
  work are high-temperature, low temperature and low pH. The folding of this protein 
  has been extensively studied experimentally, providing a large data base of folding 
  parameters which can be probed using simulations. 
   The crystal structure of sperm whale myoglobin was taken from Protein Data 
 Bank, followed by the removal of the heme unit and a subsequent energy 
  minimization was performed in order to generate the native apoMb form. Thus, the 
  native conformation of apoMb utilized is the same in all the three different refolding 
  simulations done in the present work. The differences are the way the initial unfolded 
 conformations were obtained. The refolding trajectories were obtained at room 
 temperature using the Stochastic Difference Equation in Length algorithm. The 
 results reveal differences between the three refolding routes. In contrast to previous  
 molecular  simulations that modeled low pH denaturation, an extended intermediate 
      vii 
 with large helical content was not observed in the refolding simulations from the 
 high-temperature unfolded state. Otherwise, a structural collapse occurs without 
 formation of helices or native contacts.  Once the protein structure is more compact 
 (radius of gyration < 18Å) secondary and tertiary structures appear. The low pH 
 simulations show some agreement with the low pH experimental data and previous 
 molecular dynamics simulations, like formation of a conformation having radius of 
 gyration around 20Å and large helical content. And the refolding simulations after the 
 low temperature unfolding present differences in the properties of apoMb folding 
 route, comparing to the other two previous conditions. The collapse of the protein 
 during folding occurs later in the simulation when compared with high-temperature 
 denaturing state, but earlier when compared to low pH simulations. These differences 
 strongly suggest that a protein can follow different folding routes, depending on the 
 nature and the structure of the unfolded state. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Protein folding process  
Proteins achieve their stable tridimensional conformation through an important 
process known as protein folding. The correct folding of a chain of amino acids into a 
protein is of fundamental physiological importance since the functionality, meaning the 
particular biological activity, of a protein is directly related to its overall conformation. 
That protein conformation is important to physiological function has been confirmed by 
experiments [1-3], in which the denaturing of a protein induced by temperature, pH 
changes or addition of denaturant species produces a loss of function. However, the 
conformations of the denatured state can be very different depending on the denaturing 
conditions used and may still contain residual structure or native topology [4-5]. 
The mechanisms through which a protein folds to different conformations have 
been the focus of extensive experimental and theoretical investigation. Overall, these 
studies have led to significant advances in our understanding of this vital cellular process. 
They have also provided insights into the occurrence of certain ailments such as 
Alzheimer’s and prion diseases that occur due to the formation of misfolded proteins.  
In order to function correctly, a newly synthesized amino acid sequence in the  
            
 1 
cell must fold into a unique, native, tertiary structure that is specific to each individual 
protein. The covalent structure of a protein is determined by the structure of the twenty 
natural amino acids and the order they are linked together into a polypeptide chain. 
In general terms, the folding is considered a progressive collapse of the 
polypeptide chain followed by the formation and stabilization of secondary and tertiary 
structure. There are terms used to characterize the states of the folding. The folded 
(native) state is the conformation of the protein that is active biologically, and 
corresponds to the structure with the lowest free energy. The latter is given by taking into 
account the potential energies involved in the bonds and the interactions present in the 
protein. The bond variations can be due to bond length and rotation of flexible angles 
along the protein sequence. These variations are found mostly in the side chains of the 
amino acids and in the psi (ψ) and phi (φ) angles in the core of the polypeptide chain.  
The native state of a protein is also acquired by the formation of many non-covalent 
interactions like hydrogen bonds, hydrophobic interactions and electrostatic interactions. 
The hydrophobic effect is important in the folding process. The non-polar residues of a 
protein tend to approximate in order to reduce their contacts with water molecules. In 
general terms, the formation of local native contacts, also giving rise to the formation of 
the local secondary elements, like α-helices and β-sheets, is what initiates the folding 
process. Since proteins have a compact hydrophobic core, it is very likely that after that 
initiation of secondary structures a protein undergoes a phenomenon known as 
hydrophobic collapse. 
The ensemble of the states with lowest free energy favors the decrease of the 
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entropy compensated by an increase of enthalpy of what is considered the most common 
native conformation of a particular protein. This idea is summarized in the funnel model 
of the protein’s conformational search for its own native and biological active structure. 
There are many possible unfolded conformations that are narrowed down in the correct 
folding pathway to be able to achieve the unique folded conformation of a functional 
protein. This process still intrigues many researchers in the field, and considerable effort 
has been made to find patterns of the sequence of events that explain how proteins find 
their way to the correct fold. 
The analysis of the conformational changes that the proteins undergo during the 
folding process has been challenging scientists during the last decades. The investigation 
of this process can contribute to an increasing in the knowledge of the protein synthesis 
process, improving the understanding of the development of some diseases related to the 
misfolding and aggregation of certain proteins. Alzheimer's, Parkinson's, some types of 
cancer, type-II diabetes, and prion diseases are some examples of illnesses caused by 
aggregation and tissue deposition of proteins that were misfolded during their cellular 
synthesis. The study of the changes in the conformational proteins’ stability through the 
analysis of the unfolding process of the proteins is a powerful technique to help the 
understanding of the folding process. And a better comprehension of the process of how 
proteins fold can facilitate the discovery and production of drugs designed specifically to 
prevent misfolding and aggregation. The objective of the study of the folding pathway of 
proteins is to comprehend the patterns and forces that are involved in this process. 
The folding of the polypeptides into their native conformations (under  
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physiological condition) is very stable, leading to a low concentration of the unfolded 
states. Then, the methodology used to study the folding process is shifting the equilibrium 
reaction (Native ↔ Unfolded) through the introduction of some perturbation like 
variation in pH or temperature, adding some denaturant agent as urea or guanidinium 
chloride, increasing of the hydrostatic pressure, or a combination of these factors. The 
reversibility property of the folding reaction is an important requirement for this kind of 
approach. And it has been observed that proteins are able to refold after undergoing a 
mild denaturing perturbation [6]. Thus, unfolded state is a term that refers to 
conformations that were obtained under some reversible denaturing conditions (high/low 
temperature, low pH). Obtaining basic knowledge of the molecular mechanism 
responsible for the folding of these flexible polypeptides chain is still one of the biggest 
challenges of structural biology: the relation between the polypeptide sequence and the 
folding behavior of a protein is not fully understood yet. And the relation between 
structure and function is essential to determining functional and structural domains, such 
as their relevance to the protein stability. That the amino acid sequence of a protein is 
crucial is justified by the theory of which all the information needed to the folding of a 
protein is based in this sequence [6, 7]. There are many questions that have been raised 
regarding the mechanisms and the paths that a protein takes to generate its native 
tridimensional conformation. A protein can adopt different conformations that are 
specified by the rotations that can take place in the single bonds of their covalent 
structure. And there is an enormous number of possible conformations that a protein can 
have. The folding process has to be quick rather than being a trial-and-error process, in  
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order for the protein to start its functionality for the organism. Then, one of the questions 
that arises from this observation is how a protein finds the lowest free energy structure in 
a reasonable time. Regarding this important and intriguing cellular process, many efforts 
have been made to explain the mechanism of protein folding. 
Many studies have been done about this topic, once this comprehension can fulfill 
the gap between the information about the genetic knowledge and the tridimensional 
structure that the genes codify [8-11]. Thus, the knowledge gained with these studies 
helps to understand the complicated question of how the folding process occurs. The 
importance of this knowledge is to help us comprehend how a misfolding process occurs, 
resulting in an incorrect overall shape of the protein. The hope is to affect this process by 
having misfolded proteins folded in a correct shape in order to avoid (or decrease the 
effects) of the diseases related to these proteins that were not correctly folded. 
 
1.2 Possible mechanisms of the protein folding process 
 Protein folding cannot be a random process, because it could take an infinite 
amount of time for a single protein to test all the possible conformations. Accordingly to 
Levinthal [12], this time would raise exponentially with the increase in the amino acid 
chain, what makes a random process not probable due to the rate which the folding occurs 
in nature. This suggests the existence of specific mechanisms that can simplify the 
formation of folded, stable and functional protein structures. In the search for these 
mechanisms, several protein folding models have been proposed, which are going to be 
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presented in this section. Anfisen [6, 7] showed that RNAseA unfolds,   and   loses   its   
biological function in   the   presence   of   8M  of  urea  and β-mercaptoethanol. Although 
after the removal of these denaturant agents, the protein refolds and recovers its biological 
activity. This work gave support to the theory that states that the necessary information to 
the correct protein fold is contained in the primary sequence (sequence of amino acid of a 
protein) Anfisen [6, 7]. 
From these early studies, the protein folding field was triggered and many diverse 
models were proposed and debated in order to try to explain how proteins find the way to 
the correct fold. The main proposed models for the folding mechanism were nucleation 
and condensation [13-15]; framework [16-17]; diffusion-collision [18] and hydrophobic 
collapse [19]. Some advances in the experimental studies combined to theoretical tools, 
where the statistical mechanics and the minimum energy models (the conformational state 
of a protein is associated to its minimum free energy state) gained credibility, led to the 
introduction of a new view about protein folding: the energetic funnel model [20-24] 
(Figure 1 in the Appendix section). This view suggests that the folding starts in a large 
conformational space where one single protein can follow different and parallels routes, 
being capable of resulting in the formation of the same native conformation. However, 
along the folding pathway, some specific and well-defined intermediate states may be 
formed (trapped in a local minima of free energy) depending on the followed route for the 
protein to fold. 
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1.3 Intermediates in the apoMb folding route(s) 
Several proteins present stable intermediate conformations between the native and 
the denatured states [25-30], indicating a second order phase transition explained by a 
three-state folding mechanism. Ptitsyn [31] suggested a folding mechanism for apoMb 
that occurs in three steps, including formation of the secondary structure, in the time scale 
of micro to milliseconds; collapse of this structure in a compact form, and without a rigid 
tertiary conformation; and formation of the native compact structure. Then, the 
equilibrium reaction Native ↔ Unfolded (N ↔ U) mentioned before would not be a two-
step process. The presence of intermediate conformations would be a solution to the 
Levinthal paradox, since the partially folded structures would restrict the conformational 
space. However, the comprehension of this process requires a better understanding of the 
pathways involved in the mechanism. And, as said before, for certain proteins, it has been 
discovered some intermediate states in this process, making the mechanism of folding of 
some proteins not a single two-step process with only the native and the unfolded states, 
but a more complex pathway with the presence of intermediate states. To understand 
protein folding, it is desirable to identify and analyze the structure of these possible 
intermediates. The presence of intermediate states is usually detected in kinetic studies. 
Some properties of these intermediates can be determined from these kinetic experiments, 
but there is not a large amount of structural information that can be extracted from them. 
Intermediate structures were observed during the kinetics studies of the folding of small 
proteins [25, 26, 30].  
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 The practical problem in studying the intermediates is that the folding reactions of 
these proteins are highly cooperative, i.e., the intermediates are formed and are present in 
this form only for a short period of time [25, 26, 30]. However, β-lactalbumine [32] and 
apoMb [27-29] are some examples of longer proteins that display some intermediates in 
equilibrium. The studies about intermediates states have helped to answer questions 
regarding the speed and the efficiency of the protein folding. 
 More details about the structure and intermediates formation are given in section 
2.3, which describes apoMb and its folding pathway. 
In this dissertation, the folding of apoMb protein had been studied by computer 
simulations. The folding pathway was simulated through an approximate computational 
approach. The present method provides a folding trajectory, meaning that the initial point 
was considered the unfolded configuration of the protein, and the end point was the native 
configuration of the protein. And this approximate methodology permitted that the 
calculations were carried out using large step size, allowing the study of a large time scale 
molecular process, which is the case of the folding process for a protein with the size of 
apoMb. The relevance of this work is that understanding the mechanism of how a protein 
fold can improve the production of drugs against diseases associated to misfolded 
proteins. Other applicability of this study is in the nanomaterials area. ApoMb was chosen 
for this study because of the large amount of data available that can guide a theoretical 
study like this. 
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CHAPTER 2 
OVERVIEW: 
 APOMYOGLOBIN IN THE STUDY OF PROTEIN FOLDING 
 
2.1 Myoglobin and its physiological function 
Myoglobin is a heme-protein present in the skeletal muscles of mammals and it 
has a very important function of oxygen storage in those muscle cells. The oxygen bound 
reversibly to the myoglobin and the protein can also bind other molecules, such as CO2, 
NO and CO. The ability of myoglobin to bound oxygen depends on the presence of a 
prosthetic group (heme group). This is a non-polypeptide group and consists of a 
porphyrin (organic part) and a central iron atom (inorganic part). 
The crystal structure of whale myoglobin (Mb) (Physeter catodon) has been 
determined [33]. This is a globular protein of approximately 17 kDa molecular mass and 
153 amino acids. It is a monomeric protein and contains eight α-helices named from A-H. 
The sequence of amino acids of the protein is shown in Figure 2 of the Appendix section.  
 
2.2 Apomyoglobin 
 The apo form of myoglobin is obtained after the removal of the heme group 
(apomyoglobin - apoMb) that still conserves similar properties to myoglobin, as the 
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solubility in water (but in smaller concentrations), and some of its structural 
characteristic, like the helical content. In this work we address the folding process of the 
apo form of the Mb.  
ApoMb is a globular protein at pH 6 [34] and its secondary structure is still 
composed of eight α-helices, labeled with letters A-H (Figure 3 in the Appendix section). 
It has an extensive hydrophobic core comprising 61 residues (~ 40% of the protein), 
mainly located in helices A, G and H, although there is considerable tertiary structure 
consisting of helices B and E. The radius of gyration (Rg) of the native structure of 
apoMb is approximately 15Å, and its helical content is about 55% [27, 29]. It is believed 
that in its native state apoMb mainly loses the structure of the F-helix compared to the 
holo form, which reduces the stability of the apo form [29, 35]. C and D helices are the 
smallest ones, and they also present significant degree of disorder in the apo-protein. 
However, it is believed that the apoMb unfolding is different from the holo form and 
occurs with the formation of an intermediate state (the low pH intermediate state [29]). 
The study of apoMb can be particularly useful to the understanding of folding 
patterns for helical globular proteins. In addition, there are many experimental studies 
about this protein that can guide the molecular simulations done in computers. The 
polypeptide chain of globular proteins is folded into a compact form, and this native form 
is the conformation which is important for their biological functions, as described before. 
Globular proteins are a complex type of condensed matter, and contain a solid core and a 
flexible surface. This configuration allows a protein to have the correct motions in order 
to function. 
     10 
2.3 Apomyoglobin and its folding pathway 
ApoMb is considered a good model to the study of the folding pathway of 
globular helical proteins since it remains the helices from the holo form (i. e., even after 
the removal of the heme group). Its folding was extensively studied by experiments [29, 
36-40], and by some computer simulations [27, 28]. Even with the advancements of 
computer capabilities, experimental data is needed to aid in protein folding simulations. 
As there is experimental data about the folding of apoMb, the study in computer can be 
guided by the experimental data available. ApoMb has been one of the most extensively 
studied proteins regarding its folding mechanisms. However, a clear understanding of the 
apoMb folding pathway has not been reached yet, and the details of the molecular events 
that occur during the folding process remains limited. 
There is only one way to study protein folding, and it is through the initiation of 
folding from an unfolded state. Although, there are different ways to initiate the unfolding 
process. Because of proteins are sensitive to the environment where they are located in 
the cell, some perturbations (such as increasing/decreasing the temperature or lowering 
the pH or using some denaturants) can lead to the unfolding of the protein. 
The folding process of apoMb has been studied extensively mostly driven by 
variations of the pH of the solution containing the protein. Experimental [29] and 
computational modeling results [27, 28], have identified an intermediate state when the 
unfolding process of apoMb is induced by a rapid drop in solution pH. This acidic 
intermediate, called the I-state, has been characterized recently by Uzawa et al. [29] using 
continuous flow, time-resolved circular dichroism, and SAXS (Small-Angle X-ray 
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Scattering). The results suggested that the I-intermediate has a radius of gyration (Rg) 
close to 23Å and its helical content is around 33%.  These authors proposed that the 
helices present in the I-state are helices A, G, and H. It is believed that during the low pH 
induced unfolding, apoMb forms this equilibrium acidic intermediate at pH 4.2 with 
properties from the folded state (pH 7) and from the unfolded state (pH 2) [29, 39-40]. 
Uzawa et al. [29] also observed a second intermediate with a Rg of 23.1Å and helical 
content of 44% that has not been described before. Although, in agreement to their model, 
this first folding intermediate (predicted within 300μs) was not able to be resolved with 
the time resolution used in that work. 
Two key molecular dynamics studies about the apoMb unfolding have been 
carried out to simulate pH induced unfolding. The first unfolding simulations with a 
duration of 500ps were computed using a temperature of 358 K and pH=4 with sperm-
whale apoMb [28]. These studies suggested that the F helix is already disordered in the 
native structure of the protein. At pH 4, an intermediate state was also observed with 
some of the same characteristics described experimentally [29], i.e., with helical content 
of around 33% and formation of the AGH core. But the intermediate described by this 
work has a radius of gyration of 16.7 Å, more compact than the intermediate 
characterized by Uzawa [29]. An intermediate state during the unfolding process was also 
observed in a different molecular dynamics simulation of the acid-induced unfolding 
process of sperm whale apoMb [27]. In that case the unfolding trajectory was obtained at 
300K and its duration was 1.6 ns. The unfolding process at pH=2 produced an 
intermediate state with preserved A(B)GH core, and radius of gyration of 21.6Å, similar 
to the experimental result of Uzawa et al. [29]. 
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The data available for the apoMb unfolding is very broad. But the puzzle is that 
some of them provide an unfolding pattern based on the application of more than one 
perturbation, like lowering the pH and increasing the temperature, or adding small 
amounts of denaturants. This being said, a compilation of the results of the apoMb until 
the present shows that, regarding the denaturing conditions used to unfold the protein, the 
main features are: lost of secondary structure, but keeping helices A, G and H [29, 41, 42] 
and a part of B-helix [29, 42, 43, 44] more structured, and the tertiary structure is less 
compact than the native structure [42]. A more detailed characterization of this 
intermediate were done with experiments such as deuterium exchange [41, 45, 46]. These 
works show some evidence that the helices A, G and H are more structured compared to 
the other helices. They also suggested that the formation of this intermediate is an 
important step in order apoMb reaches its native state. 
 The participation of the helices A, B, G and H in the formation of the pH 4 
intermediate of apoMb was also studied in some works that used site-directed 
mutagenesis [47, 48, 49]. The evidences of these studies support the idea of a sequential 
folding with a subsequent incorporation of the helices that are still unstructured, resulting 
in a protein with a stable and compact structure [43]. 
Some works suggest the presence of two intermediates in the landscape of the 
folding of this protein under low pH unfolding condition [29, 35, 43-45, 50-51]. The rest 
of the B-helix is formed after the formation of this first intermediate. The sequential 
incorporation of B-helix (pH 4), is supported by experiment of deuterium exchange in the 
presence of TCA (Trichloroacetic acid) 20 mM [44]. Adding TCA increases the helicity  
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and stability of the intermediate that has high protection factor for the helices A, G and H 
and for B-helix [44]. An increase in helicity propensity and the relative stability of the pH 
4 induced-intermediate are also shown when the B-helix is stabilized by mutations of 
residues G23A and G25A [51]. Jamin and Baldwin (1998) and Uzawa et al. (2004) 
identified two intermediate forms, Ia and Ib, that coexist in pH 4 in an equilibrium that 
depends on pH, on urea concentration and on the presence of anions. The evidence of the 
two different intermediates comes from the difference in the fluorescence emission 
spectra of the protein in the pH range of 3.4 and 4.2 and from the increase in the 
fluorescence after the use of 1M of urea. The conclusion was that the Ia had not still the 
B-helix formed and it would be the only form in pH 3.4. At pH 4.2, the predominant form 
would be Ib, when the B-helix being total or partially formed. This helix would be the 
first to unfold in presence of urea 0-1M, where only the Ia would be present. Eliezer et al. 
(1998) showed the B-helix being more structured in the intermediate at pH 4, suggesting 
that the A[B]GH is the nucleus of this intermediate. These results were corroborated by 
one simulation experiment made by Onufriev et al. (2003). Nishimura et al. (2003) 
studied the hydrogen exchange evaluated by mass spectrometric method applied to 
apoMb mutants, and they show different protection factors for different residues of B-
helix, suggesting that this helix can be partially folded in the intermediate state. Taking all 
these results into consideration, they demonstrated that the C-terminal of B-helix is more 
structured than the N-terminal. 
Other low pH experimental studies provide a model of the presence of 
intermediate state(s) in the unfolding pathway of some proteins [41, 52]. This also  
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suggests that lowering the pH is a very common way to achieve a denatured state of a 
protein. But it is still not clear whether each denatured state obtained in each denaturing 
condition should follow the same folding route. This is the main goal of this work: 
comparing three different denaturing conditions used to unfold apoMb in order to 
investigate the importance of the nature of the unfolded state in the folding process of 
apoMb. 
The refolding of apoMb has also been examined after changes in temperature. 
Sabelko et al. [53] studied the folding of apoMb after cooling or heating denaturing 
conditions. Interestingly, these authors did not observe a stable intermediate during the 
refolding of the protein after cold denaturation. It was suggested that the exposure of the 
inner core of the helix A to the solvent upon cold denaturation makes the formation of the 
AGH core (observed during the refolding of acid-induced unfolded conformations of 
apoMb) more difficult. In a separate study, the refolding of apoMb after cold denaturation 
was examined using a T-jump/fluorescence technique [54]. Experiments conducted at pH 
5.2 also did not show any evidence of the existence of the intermediate state. 
 Thus, another way to achieve the unfolded state is through applying low 
temperature to the system. However, experimental and theoretical works using low 
temperature to unfold apoMb or other proteins are not common. One reason can be the 
difficulty in performing cooling jumps because of the dissipation of the heat within the 
relaxation time of the protein. But, as mentioned in the previous paragraph, there are 
some experimental works that have been studied the cold denaturation of globular 
proteins [53, 54-57].  
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 The few works that applied low temperature to study the unfolding process of 
proteins indicate a two-state process for the cold denaturation from the native state to the 
unfolded state of globular proteins. Even for apoMb [53, 57-58], there is not such an 
evidence of an intermediate state after cold denaturation, and its folding process 
represents a first order phase transition, contrarily to the works that studied unfolding of 
apoMb through lowering pH of the solution. Theoretical works have also been done on 
cold denaturation of different proteins employing different techniques [59, 60, 61]. One 
specific work [62] simulated the cold denaturation of apoMb, although they did not 
studied the whole unfolding process (because of time restrictions), and they intended to 
probe the initial stages of the apoMb low temperature unfolding.  
 Another complication in simulating cold denaturation is the complexity of the 
interactions between solvent (water) and the protein, making more difficult the 
understanding of the mechanistic details of the cold perturbation of the system. In order to 
overcome the properties of the water at low temperatures (density behavior near the 
freezing the point), Manuel I. Marqués (2007) [63] applied high pressure simultaneously 
with low temperature in his simulations. The main conclusion drawn from this work was 
that the hydrophobic forces that make the protein structure more compact are due to the 
hydrogen bonds organized in a network of low density structure of water molecules. And 
at higher pressures (from 200MPa to 700MPa), this network is not formed and the solvent 
water molecules adopt a more dense structural configuration, allowing a decreasing in the 
repulsion interactions between the non-polar residues of the protein and the water 
molecules. Thus, in this scenario, the water molecules can enter more easily in the core of  
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the protein and promote the unfolding of the native conformation of the protein. 
 Nishii et al. [64] showed a thermal unfolding of apoMb, but adding two other 
conditions as lowering the pH until 2 and promoting a salt-induced unfolding also at the 
same time. They could observe the stabilization of what they called molten globule of 
apoMb, but this molten globule presents the same characteristics of the I-state described 
in the previous works. The main point that we want to make here is that they observed a 
complete unfolding of apoMb after applying low pH and adding salt to the system.  
Thus, until the present, it was not reported any computational simulation applying 
low temperature in order to obtain a complete unfold of apoMb. There is one already 
cited [65] c about the topic, but they used the range of 265-278K in order to extract some 
information about the first steps of the low temperature unfold of apoMb.  
The mechanisms of each denaturing condition have been tried to be reasonably 
explained for each different unfolding condition case, when the denatured states are 
expected to be different as well. The explanations have been examining the ensembles of          
the configurations obtained after cold denaturation or after heat denaturation [53, 57] or 
even after pressure-induced denaturation [65]. 
The main goal of this dissertation was to make a comparison between the folding 
route of apoMb using three different denaturing conditions (high temperature, low 
temperature and low pH). These three different ways of achieving the denatured state 
from apoMb were studied by computer simulations, and there was not a combination of 
different unfolding conditions, since for each simulation done, only one of the unfolding 
conditions was applied at a time. The expectation after doing this work was to obtain a  
           
      17 
better idea of the importance of the nature of the unfolded state to the folding process of 
apoMb. The principal objective was to determine, through numerical computer 
simulations, if there is an obligatory intermediate in the apoMb folding route or if there 
could be an alternate parallel pathway that the protein could follow to fold into its native 
state. It was observed that kinetic folding intermediates exist in many proteins. However, 
it is interesting to investigate if there is some local minima in the free energy surface 
between the unfolded and the native states, and if some transient population could 
accumulate in these local minima, giving the perspective of the existence of also static 
intermediates (thermodynamic intermediates under steady-state conditions) in the folding 
pathway.  
 The present results were compared to each other and to previous experimental and 
theoretical works that have been done regarding this topic. In this way, some conclusions       
were made about the folding pathway of this helical globular protein, and it is believe that 
they help to understand how a protein can find its way to reach its native and functional 
conformation. 
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CHAPTER 3 
THEORETICAL BACKGROUND:  
 DESCRIPTION OF THE COMPUTER SIMULATION METHODS USED  
 
In this work, the folding process of the protein apoMb was studied by molecular 
computer simulations. 
A computational approach that has been commonly used to study the folding 
process of a protein is simulating the reverse unfolding process via molecular dynamics 
simulations. The classical molecular simulations techniques had their origins, mainly, in 
the work of Newton and in the work of Gibbs and Boltzmann. They identified the laws 
that govern the motion of the bodies, and the way to correlate the microscopic states with 
the macroscopic properties. The knowledge of the equations of motion for the system 
under study is the basis of the molecular dynamics simulations. The molecular dynamics 
algorithm is based on the numerical solution of those equations of motion (obtained 
through integrating the equations) providing a trajectory in which the coordinates and 
velocities of the system are given as a function of time. From this trajectory, equilibrium 
properties (such as temperature, total energy, pressure), and dynamic magnitudes 
(coordinates and velocities of the atoms in the molecule) can be computed. It is also 
needed to control these parameters in order to achieve a reasonable, and reliable trajectory 
to the system. 
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There is a combination of classical mechanics, and thermodynamics (statistical 
mechanics) taking place in the molecular dynamics programs. A thermodynamic state has 
to be specified at the beginning, in order the trajectory can start to be built. And a 
statistical ensemble (NVT, NpT, NVE) is chosen in which the system evolves with time.  
Thence, it was necessary to wait by the advent of high performance computers 
with high power for calculations combined to more powerful algorithms to obtain the 
atomic trajectories. These trjectories become possible to obtain in the last years, and all 
the information computed in these computational simulations became a potent research 
technique with a broad spectrum of applications [66-72]. 
One of the reasons for studying unfolding processes rather than folding processes 
with computer models is that the force field parameters used in these simulations are not 
accurate enough to predict correctly the native state of a protein [73]. Another reason is 
that there is better experimental understanding of the native structure of a protein relative 
to the structures of the unfolded state. Actually, the ensemble of denatured states is very 
large and diverse, making experimental determination of all possible unfolded 
conformations not possible. However, the unfolding process can be too slow to be studied 
by molecular dynamics simulations which require small time steps to preserve numerical 
stability. Therefore, increasing the temperature is a common strategy to accelerate a 
process such as unfolding in molecular dynamics simulations [74-75]. 
 In this dissertation, different simulation techniques were used in order to obtain 
the folding trajectories of apoMb. Mainly, one of the algorithms developed by the group 
of Ron Elber at Cornell University (SDEL - Stochastic Difference Equation in Length)  
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will be discussed showing its power and versatility, mainly with respect to the diversity of 
the microscopic information that can be extracted. Another important point is the fact that 
microscopic detailed information that can be obtained via computer simulation, but can 
not be reached experimentally. 
 The present work entailed the study of the dynamics of the folding mechanism 
through the application of the SDEL method, which is a boundary value formalism and is 
based on the classical action principle. The folding trajectories computed through the use 
of this algorithm generated paths that started from ensembles of the denatured 
conformations and ended at the native conformation of apoMb. This classical action-
based algorithm allows the study of slow biological processes because the trajectories are 
obtained using large step sizes, although these approximate solutions could become more 
accurate by systematically decreasing the step size, becoming closer to the classical 
trajectories. Thus, SDEL was used to simulate the refolding process of apoMb starting 
with each of the three (high temperature, low temperature and low pH) different unfolded 
state of the protein. The refolding trajectories obtained with SDEL are room temperature 
trajectories. This is an advantage of this method relative to the computation of unfolding 
trajectories at high temperatures. However, it has been shown for several molecular 
systems that results from these high-temperature trajectories seem to agree with 
experimental results under room temperature conditions [74]. This suggests that the effect 
of high temperatures can be minor on trajectory space, at least for the few molecular 
systems for which simulations and experimental results have been compared. However, 
for a protein system such as apoMb different unfolding conditions produce observable  
 
      21 
changes in the unfolding process [39, 76-77]. This indicates that unfolding conditions do 
matter for this system, and the simulations should model the molecular environment 
accordingly. 
SDEL allows for the study of the slow refolding process under physiological 
thermal conditions (300K), and we are seeking to have equilibrium folding conditions, 
after the achievement of the unfolded state. The trajectories obtained are approximate 
since to study these long-time processes a large step size is required. The folding of 
apoMb is on the order of submillisecond [29]. In the last decades, scientific research has 
been making strong efforts to be able to bring the process of protein folding subject to the 
accessible timescales (milliseconds). The filtering of high frequency motions caused by 
the large step size also prevents an accurate determination of the rates of these processes. 
This is a disadvantage of SDEL relative to the initial-value molecular dynamics 
algorithms that provide more accurate trajectories although on a shorter time scale. 
Because SDEL is a boundary-value formulation, two boundaries conditions are needed to 
compute the trajectory. In the present work, these two states are representative of the 
folded and the unfolded states of apoMb, and their configurations are given as inputs of 
the calculation. 
This method has been applied to the study of protein folding for three smaller 
proteins: protein A [78], cytochrome c [79] and barstar [80]. SDEL is boundary value 
formalism, based on the classical mechanics least-action principle. The starting point of 
the algorithm is the classical action parameterized as a function of the length of the 
trajectory [81]: 
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 In this work, Xu and Xf  are the coordinates of the initial unfolded and final folded 
conformations of the protein, E is the total energy and U is the potential energy for the 
system. The path (from unfolded to folded states) is connected by a trajectory with 
infinitesimal path element dl. In Eq. (1), the action is parameterized as a function of the 
length. An approximate trajectory connecting the two boundary states is generated using a 
large step size (Δl >> dl). This discretized action is: 
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where N is the number of intermediate configurations in the trajectory connecting the two 
boundary structures, and Δli,i+1 is the distance between two consecutive configurations 
(Δli,i+1 = |Xi – Xi+1|). According to classical mechanics, if Δl is infinitesimal, a classical 
trajectory connecting the two boundary conformations is a stationary solution of the 
action. In SDEL the same “least action” principle is used to obtain an approximate 
trajectory (with large step sizes) connecting the boundary states. In SDEL the value of Δl 
is fixed between consecutive configurations in the trajectory to keep a uniform 
conformation distribution along the pathway. 
The target for optimization in SDEL is not Eq. (2) since a classical trajectory can 
be a minimum or saddle point of the action [82]. To remove this ambiguity the target for 
optimization of SDEL is ( )∑ ∂∂=Θ 2iXS . Thus, the algorithm computes a trajectory 
that minimizes this functional (subject to additional constraints to remove overall rigid 
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(1) 
body motions) [83]. Cartesian coordinates are used in this study to represent a relative 
large molecule as apoMb. The initial guess for the trajectory is a minimum energy path 
computed with the program Chmin in MOIL based on a self penalty walk algorithm [84]. 
In this algorithm, an initial trajectory to be optimized by SDEL later is generated based on 
interpolation of coordinates set between the two boundaries fixed structures (native and 
unfolded). Those body motions that are eliminated through the constraints could affect 
the distance between the interpolated structures, since apoMb has many degrees of 
freedom. These constraints allow the structures in the path to maintain the distances 
between to consecutive monomers constant, and the other constraint applied here is the 
repulsion that could aggregate the polypeptide chain. Chmin applies a line integral in 
order to produce an average value of the potential energy V(R) along a trajectory l(R): 
 
where Ra and Rb are the cartesian coordinates unfolded and native states, respectively. L 
is the total length of the trajectory, and dl (R) is the line element.  
 Each trajectory, with 1500 structures each, starts with a different unfolded 
conformation generated using each one of the high temperature, the low temperature or 
the low pH molecular dynamics simulations to be described and ends at the same native 
conformation (Figure 3 in the Appendix). A trajectory that minimizes the SDEL 
functional Θ is then obtained using a simulated annealing protocol using a parallel 
implementation of the algorithm. The value of the total energy for the system, E, was  
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(3) 
determined by molecular dynamics equilibrium runs at 300K. The SDEL calculations 
regarding the high-temperature runs were performed using 10 nodes of a 2.2 GHz AMD 
Opteron 246, and it took approximately 72 hours to optimize a single trajectory using the 
SDEL program. The SDEL calculations regarding the low pH and low temperature 
denaturing conditions were performed using 20 nodes of a 2 x 2.8 GHz Dual-Core AMD 
Opteron 2220, taking approximately 96 hours for a single trajectory. These calculations 
required more time due to the explicit water molecules present in the low pH and low 
temperature runs. 
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CHAPTER 4 
REFOLDING AFTER HIGH TEMPERATURE DENATURATION 
 
4.0 Introduction 
 
In this chapter, the results of the refolding process of apoMb using SDEL starting 
with high-temperature unfolded conformations is described. Done carefully, this 
unfolding process represents another way to unfold a protein. Then, after applying a 
higher temperature, the protein unfolds, but refolds if it is put back in room temperature. 
This is what was done in the first part of this work in order to reach an unfolded state to a 
subsequent study of the refolding pathway of apoMb. 
The folding trajectories computed in this work confirm the experimental 
suggestions [53-54] that after thermal stress the refolding of ApoMb occurs without the 
formation of an extended intermediate structure.  
 
4.1 Materials and Methods 
 
  
 The structure of apoMb used is derived from the crystal structure of myoglobin 
(Protein Data Bank: 2mb5 [85]) by removing the heme-group, and then subjecting the 
structure to an energy minimization protocol to obtain the native conformation used in the 
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simulations (Figure 3 in the Appendix section). This was the same procedure used by 
Onufriev et al. [27]. In this work, all of the simulations were computed using the 
molecular simulations package MOIL [86] and were performed using implicit solvent 
(Generalized Born model [87]). The force fields in MOIL are a combination of AMBER 
[88] and OPLS [89]. The minimization procedure was carried out using a conjugate 
gradient method for 5000 steps. 
After minimization of the apo structure, high-temperature molecular dynamics 
simulations were performed to produce unfolding conformations of the protein to be used 
as initial conformations in the refolding simulations.  Since no experimental data of the 
unfolded state of apoMb under high temperature conditions were available the 
temperatures used were high enough (~2000K) to generate extended unfolded 
conformations in a short period of time. Four unfolded structures were extracted from 
these simulations. They were subjected to a short minimization to remove any close 
contacts. The four minimized conformations have a radius of gyration between 26Å to 
29Å. 
With the knowledge of the native and unfolded structures, the folding trajectories 
were computed with the SDEL algorithm.  
 
4.2 Results and Conclusions 
 
The results presented here are an average over the four different folding 
trajectories computed. Each trajectory contains 1500 configurations. The folding process 
of apoMb was described through variations of various structural properties such as radius  
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of gyration, the number of native contacts and helical content. 
 Figure. 4 (Appendix) displays the population distribution of conformations as a 
function of the    number of helical residues and the radius of gyration. This contour plot 
shows an increase of the helical content only when the radius of gyration of apoMb is 
smaller than 16Ǻ (close to the radius of gyration of the native structure of the protein) 
suggesting that the formation of secondary structure in apoMb is preceded by a collapse 
of the unfolded structure. A corresponding contour plot showing the population 
distribution of conformations with different values of the radius of gyration and number 
of native contacts is displayed in figure 5. This plot shows that most native contacts are 
formed subsequent to the collapse of the unfolded structure (Rg < 17.5Å). 
A contact map for the native structure of apoMb is shown in figure 6. The contacts 
between each specific residue for every single helix were computed and this figure 
displays the distribution for the native conformation of apoMb. 
 Contact maps at different stages of the folding process of apoMb are displayed in 
figure 7. From these maps, it is observed that the A helix in the native state makes contact 
with the H helix, and the EF loop. In the native structure, Gly5 (A helix) interacts with 
Gly80 (E-F loop) and this contact occurs later in the simulations (figure 7c and d). Also, 
forming late in the folding simulations are contacts between Trp7 (A helix) and Met131 
and Ala134 (H helix). The late formation of the A-H contacts suggests that a nucleation 
core involving the AGH helices is not observed in these folding simulations. The B helix 
also forms contacts with the GH loop later in the simulation (figure 7d and e) involving  
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residues Glu83-Phe138, Lys87-Arg139, Lys87-Ile142, Lys87-Ala143, Pro88-Tyr146, and 
Pro88-Leu14; while the F- and G-helices form some native contacts with the H helix 
early in the folding (figure 7b, specifically residues Glu105-Ala143, Glu105-Ala144, 
Glu109-Arg139, Glu109-Lys140, His113-Gly129, His113-Lys133, His113-Glu136, 
His116-Gly124, Ser117-Gly124, and Ser117-Gly129). These contact maps show that the  
B-GH and B-E contacts start to form during the second half of the folding trajectories.  
Figure 8 shows the formation of each of the eight helices as a function of the path 
length for the folding trajectories computed. It is observed that the helices are formed 
mainly in the second half of the simulation after the protein has collapsed, and they form 
in a cooperative manner. From this plot, there is no suggestion that helices A, G or H 
form first, characteristic of the intermediate state described in experimental studies [29] 
and in simulations of the acid induced unfolding of apoMb [27, 28]. It is observed that the 
A helix forms late. This results agrees with the suggestion in Sabelko et al. [53], that the 
A helix is more exposed to the solvent upon cold denaturation, preventing the formation 
of the AGH core observed at low pH experiments. 
Representative snapshots of the structures obtained during the folding trajectory 
are shown in figure 9. From these molecular snapshots it is clear that the collapse of the 
protein occurs first (top three conformations) and this is followed by helix formation 
(bottom three figures). A large intermediate structure with high helical content is not 
observed. 
 Thus, the results observed in the present folding trajectories at neutral pH starting 
with high-temperature unfolded structures do not agree with experiments or simulations  
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under low pH conditions that show an intermediate state for the folding/unfolding of 
apoMb. Some studies have suggested the existence of different folding pathways under 
various mild unfolding conditions [39, 76]. The pH dependence of the unfolding 
pathways might be the result of protonation of histidines residues which stabilizes the 
AGH core observed at pH 4. It is important to notice here that in the case of the present 
study, the apoMb is kept neutral, and none of the acidic amino acids are in their 
protonated form. Studies of different proteins show that the acid-base equilibrium of 
histidine residues can affect the conformational stability of the polypeptide chain. McNutt 
et al. [90] observed a strong effect of the substitution of Glu58 with Ala on the pKa 
values of two histidines from RNase T1, and that affects the overall stability of the 
protein. Thus, it is not surprising that changes in structural stabilities can produce 
differences in the pathways followed during folding processes under various conditions. 
In the computer simulation carried out by Onufriev et al. [27], all the histidines, aspartic 
acids, and glutamic acids were protonated, in order to model the pH 2 environment to 
study the unfolding of apoMb. In the other simulation made by Tirado-Rives et al. [28], 
all the histidines were protonated to mimetize the pH 4.2, at which the intermediate state 
was observed. However, the intermediate characterized in these two simulations have 
very different radius of gyration, as pointed out before. Tirado-Rives et al. [28] also 
carried out an unfolding MD trajectory at neutral pH and 358K. They observed a compact 
intermediate with the same properties (Rg ~ 16.5Å and helicity ~ 33%) as the 
intermediate noticed at their simulation at pH 4 and 358K. Altough the Rg of the 
intermediate found by latter work is not similar to the other works, in which it was 
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observed that the Rg of the intermediate state being around 21-22 Å.  In this way, our 
simulations agree with Tirado-Rives [28] results suggesting helical formation when the 
structure is compact.  
 Other studies have shown distinct structural changes during refolding of apoMb 
that depend on the conditions used. Gast et al. [39] observed the formation of an 
intermediate state even when the pH was lowered below 4 under high ionic strength 
conditions. Goto and Fink [77] observed similar refolding dynamics for apoMb at low pH 
and different ionic strength and salts. Structurally distinct partly folded configurations 
have also been identified at low pH when anions where added to stabilize the I forms 
[91].   
Considering all these observations, it is suggested that the folding pathways can 
be significantly affected by the overall solution environment. Structural differences due to 
variations in temperature have also been noted as well. Gast et al. [39] described the 
existence of different structural conformations for apoMb in solutions at low (1°C) or 
high (30°C) temperature. Interestingly, similar pH effects on folding pathways have been 
described for other helical proteins. For example, Gorski et al. [76] explored the effect of 
the variation of pH on the stability of different states (intermediate states) in the folding 
of two helical bacterial immunity proteins. They observed that an intermediate state is 
populated at low pH, and the stability of that state is pH-dependent. This result was in 
disagreement with two earlier investigations that did not detect any intermediate during 
the refolding of the same protein at neutral pH [91-93]. 
 A possible reason why an extended but partially folded I state is not observed 
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under the present conditions, i.e., neutral pH, is that the A helix is less stabilized (figures 
7 and 8) and this prevents the formation of the early nucleation site formed by helices A, 
G and H observed at low pH. This destabilization of the A helix was suggested as the 
cause of a lack of intermediate structure in the cold denaturation unfolding of apoMb 
[53].  Another aspect that may be important is the influence of the initial unfolded 
ensemble on the folding pathways. A recent investigation [94] suggests that 
thermodynamic features of the folded state are related to the properties of the unfolded 
state and that the kinetic properties of proteins during the folding process depend on the 
properties of the denatured state. Gruebele et al. [95] also suggested a relation between 
protein refolding and the nature of the initial unfolded ensemble. They analyzed the 
dependence of the apoMb refolding on the properties of the initial cold denatured states. 
They showed that under cold unfolding, apoMb shows a different behavior when 
compared to the acid-induced unfolding.  
The ensembles of states that different denaturation mechanisms generate are not similar, 
suggesting that the dynamics of the folding process may be influenced by the nature of 
the initial ensemble. Thus, variations in the folding pathways of apoMb, when the 
unfolded ensemble is prepared under different conditions, can be expected as our results 
and the other works cited here have shown, regarding the folding pathways calculated 
previously for pH induced unfolding [27, 28]. As it was said in the first Chapter of this 
dissertation, there are different ways applied to unfold a protein. Lowering pH, 
denaturants, temperature jumps, force-induced (steered molecular dynamics) and 
pressure-induced denaturation are some of them. And they can have different mechanisms 
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to unfold a protein. Pressure and pH denaturation may correspond to the water penetrating 
into the protein through formation of hydrogen bonds, while other type of denaturation 
may have charged groups interacting with water by charge transfer. 
These were our first results about apoMb folding process, and it contributed to the 
puzzling of the folding landscape of this protein. After examining publications about the 
topic, which showed controversial points regarding the presence of intermediate states, 
and our results, we decided to analyze the apoMb folding process after obtaining the 
unfolded state via different denaturing conditions. The next two chapters show the results 
after low pH and low temperature unfolding conditions, and the final chapters compare 
and provide reasons for the differences observed in the apoMb folding route. 
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CHAPTER 5 
REFOLDING AFTER LOW pH DENATURATION RESULTS 
 
5.0 Introduction 
 As said in the previous Chapter, after doing the simulations using high 
temperature to unfold apoMb in order to reach the denatured state, it was observed some 
disagreement with previous results about the folding route of this protein. The absence of 
any trace of an intermediate state in the high temperature simulations described in the 
present work opened the thought about the possibility of different routes of folding, 
depending on the condition of the unfolding process. This was the reason why other 
unfolding conditions were applied to simulate the folding process. This chapter described 
folding simulations of apoMb carried out after low pH denaturing condition. 
Experimentally, the folding/unfolding process of apoMb induced by changes of pH in the 
solution has been widely described [see references in Chapter 4], as stated in previous 
chapters also. Molecular dynamics calculations were also done simulating low pH 
condition through the protonation of amino acid residues [27, 28]. In this chapter, the 
methodology used to simulate low pH unfolding condition and the results of those 
simulations are described. The results of this Chapter agree with experimental data 
described before about the apoMb acidic unfolding. The conclusions extracted from these 
            
      34             
data are also drawn, but the main conclusions are left to the chapter 7 of this dissertation, 
when the three different unfolding conditions are compared and their differences are 
addressed. 
       
5.1 Materials and Methods 
The same apoMb structure used in the simulations of the previous Chapter was 
used here to start the low pH and the low temperature calculations (next Chapter). The 
2mb5 Protein Data Bank entry was utilized as initial coordinates, after removing the heme 
unit and doing an energy minimization to achieve the stable apo form of myoglobin. 
In order to simulate a low pH environment, all the titratable amino acids of apoMb 
were protonated. Acidic hydrogen atoms were added to all the Aspartic and Glutamic 
acids and to all the Histidines residues of apoMb. This protonation scheme follows the 
same that was done in the theoretical condition [27] to simulate a solution at pH 2, when 
apoMb is considered to be completely unfolded. The generation of the protonated apoMb 
was performed through NAMD (Nanoscale Molecular Dynamics) [96] scripts, and the 
simulations were carried out also using an aqueous environment, considering the 
importance of water as a solvent when dealing with changes in the pH of a solution. The 
solvation of the protein-water system was generated using VMD (Visual Molecular 
Dynamics program - version 1.8.6) [97]. The water model used was TIP3P. 16009 water 
molecules were added, and the dimensions of the water box were kept so that the distance 
between each side of the protein was 20Å far from the edge of the cubic water box. The 
protein-water system was neutralized by 35 Cl¯ ions using autoionize plugin of VMD.  
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The entire system consisted of 50554 atoms. The next simulation, steps done using 
NAMD, was the minimization of the energy of the whole system, followed by a heating 
run (temperature was gradually increased until 298K during 600 ps) and an equilibration 
run at 298K for another 200 ps. The production run (10 ns) was then performed at 
constant pressure (1 atm). Temperature and pressure were monitored by Langevin 
dynamics and by Nosé-Hoover Langevin piston pressure control, as implemented in 
NAMD. A steered molecular dynamics (carried out by constant force restraint method) 
was needed in order to speed up the unfolding process. Therefore, a constant pulling off 
of two amino acids chosen randomly was added in the production run. A harmonic 
constraint force constant of 10 kJ/mol/Å was used. At the production run, the protein with 
a Rg of about 30Å unfolds similar to the experiments [29], and this was done in 5ns. Four 
different trajectories were obtained by pulling off two different amino acids in each 
trajectory.  
After the achievement of the unfolded structures in each of the four low pH runs, 
those structures were used to search for the folding route. This was done by the same 
refolding procedure carried out in Chapter 4. 
 
5.2 Results and Conclusions 
The result showing here is the average of the data collected in the four different 
trajectories that were obtained through the pulling off two different amino acids at each 
time. Each trajectory contains 1500 conformations generating the folding route. 
The overall results of the folding pathway obtained in this Chapter are different   
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from the results of Chapter 4, in which high temperature was used to obtain the unfolded 
structure of apoMb. This is the main conclusion achieved after the low pH simulations 
were done. It is observed that apoMb follow different routes of folding, depending on the 
unfolding condition used to achieve the denatured state. Thus, this suggests that the 
folding pathway strongly depends on the conformational structure of the unfolded state. 
 In the contour plot Rg vs. helical content (figure 10), it is evidenced that the 
distribution moved towards the right when compared to the high-temperature results, 
showing that there is not an exponential decay of the number of helical residues for 
conformations having compact radius of gyration. The formation of the helices starts 
when the radius of gyration is about 20Å. And from the experimental results, it was stated 
the presence of an intermediate with a radius of gyration between 21-23Å. At the region 
of radius of gyration around 20Å, the increase in the number of helical residues starts to 
become slightly exponential, but not as much as what was observed in the correspondent 
high-temperature plot. Our conclusion here is that there is likely an intermediate state 
population concentration in the low pH simulations, having Rg ~ 20-22Å and helicity ~ 
33-38%, in agreement with the experiments using low pH condition to unfold apoMb. We 
assume it also based on the analysis of another plot that it will be discussed in Chapter 7 
(figure 23). This plot was made in order to obtain a better examination of the region 
where the number of helical residues starts to increase. From this graphic, it will be 
possible to observe a flat region, where the number of contacts does not change very 
much, although the helices continue to form. This plot shows that the contacts that are 
present in the native structure start to form in this flat region.    
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The graphic representing the population distribution as a function of number of 
native contacts and radius of gyration (figure 11) does not show either a very exponential 
decay of the Rg. This means that the native contacts start to form when the structure is 
still extended in contrast to the high-temperature runs. 
 The formation of the contacts between the helices was also analyzed (figure 12). It 
shows the existence of smaller number of non-native contacts since the beginning of the 
simulation. This means that, after apoMb is unfolded under low pH, most native contacts 
are still present, what does not occur in the conformations unfolded through high-
temperature condition. However, from this figure, there is still not an evidence of AGH 
core formation early in the simulation. The contacts between helices A, G, and H start to 
be prominent later in the simulation (figure 12 d and e). There is a prominent native 
interaction between HIS24 (helix B) and HIS119 (helix G). It forms before the first half 
of the simulation (figure 12c), and it is one of the relevant contacts in order to form the 
native apoMb. Another contact that forms concomitantly with the previous one is 
between HIS24 (helix B) and ARG 118 (helix G). These two contacts provide strong 
interaction between B and G helices. From figures a, b, and c, it is observed formation of 
contacts between the helix A and the EF loop (residues HIS12-GLY80), and between 
helix B and the GH loop (residues GLY25-PRO120). In both figures 12d and e, it can be 
seen that practically the same contacts between helices are present. Only the contacts 
between helices G and H are not totally formed yet (figure 12d). In figure d, it is also 
observed that the number of contacts between CD loop and helix D (LYS50- LYS56) is 
higher than other contacts.      
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 The presence of important contacts between specific residues in the low pH 
simulations (where it is observed the turning point in the contour plot of figure 10) is 
discussed later on this dissertation (figure 23 and Table 1).  
 A plot that shows the formation of the individual helices along the trajectory 
(figure 13) presents also slight differences when compared to the high-temperature plot 
(figure 8). Under low pH condition, the helices ABEGH are formed early in the 
simulation. Some experimental and computational works observed that the intermediate 
state still maintain the AGH core of secondary structure [27-29]. Other experiments also 
claim the presence of AGH core [35, 53, 54]. Our low pH simulations suggest the 
presence of a ABEGH core, since these helices start to form first during the simulation.  
Figure 14 gives the molecular view of what was described in the previous 
paragraph. The representation of the helices along the trajectory in this figure shows that 
the first low pH-unfolded conformations still have a lot of secondary structure, as shown 
in figure 12 that also the native contacts (contacts between helices are native) are present 
in the first conformations during the folding of apoMb. 
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CHAPTER 6 
REFOLDING OF THE LOW TEMPERATURE UNFOLDED STATE RESULTS 
 
6.0 Introduction 
 Cold denaturing of proteins is considered to occur as much as the high 
temperature or low pH denaturation. Cold denaturation is believed to occur subsequent to 
some changes in the nature of the interactions between water and the non-polar groups of 
the protein. But there is not much research using low temperature to study protein 
folding/unfolding. One of the experimental works [62] applied a temperature close to 
265K in order to observe the unfolding of apoMb. Its conclusion was not very clear about 
intermediate formation and it was not possible to have a good characterization of the 
unfolded states. And in one computational simulation that was done [63], apoMb was 
tried to unfold in the range of 265-278K to analyze the initial stages of unfolding. The 
authors found that it was also difficult to unfold apoMb through cooling the temperature 
due to time restraints imposed by the use of molecular dynamics simulations. 
In this dissertation, it was not possible to unfold apoMb lowering the temperature either. 
We had to use a different methodology to obtain the unfolded state that is described in the 
next section. However, the method to refold the protein after the achievement of the 
unfolded structure was the same procedure used in the previous two Chapters.  
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6.1 Materials and Methods 
In this Chapter, the same apoMb structure utilized in Chapters 4 and 5 was used to 
perform the low temperature simulations. 
Due to the impossibility of achievement an unfolded structure via molecular 
dynamics simulations, for this part the unfolded structures obtained in Chapter 4 (in 
which high-temperature was applied to unfold apoMb) were used to the study of low 
temperature unfolding. This was done by taking the unfolded structure from the high 
temperature unfolding condition of Chapter 4 and applying low temperature to a water 
box with it using NAMD program. The results of the low temperature yielded through 
this procedure were not biased since (as shown below) they display differences between 
the apoMb folding route after the high-temperature unfolding and after the low 
temperature unfolding. Almost the same procedure to prepare the apoMb-water system 
done in Chapter 5 was followed here. The only difference is that for this low temperature 
unfolding, a neutral protein was used, meaning that the glutamic, aspartic acids and 
histidines residues were not protonated in order to simulate a neutral apoMb. This neutral 
system was composed by 50416 atoms (15981 water molecules). Subsequently, a 
minimization, a heating (until 265K) and an equilibration runs were performed as already 
described in Chapter 5. The production run was also carried out at constant pressure (1 
atm) for 10 ns. The unfolded structure generated was then taken and the same refolding 
protocol using SDEL utilized in Chapters 4 and 5 was applied to it. 
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6.2 Results and Conclusions 
We will show the results of the average of four different trajectories that were 
obtained through the cold simulations done as described before. Each trajectory also 
contains 1500 conformations, the same number used in the other two different unfolding 
conditions. 
The results of the folding pathway obtained in this Chapter are different from 
those in Chapters 4 (high temperature denaturing condition) and 5 (low pH denaturing 
condition). The results for low temperature seem to have an intermediate behavior 
between high-temperature and low pH results. The low temperature results do not show 
either any type of intermediate state populated along the trajectories simulated here. This 
is the overall conclusion achieved after comparing all the three different denaturing 
conditions studied in this dissertation to understand the folding pathway of apoMb. It is 
concluded that apoMb can fold via different routes, which depend on the unfolding 
condition utilized to obtain the denatured state. Consequently, the suggestion that the 
folding pathway strongly depends on the conformational structure of the unfolded state 
made in the previous Chapter is definitely supported by the simulations in low 
temperature done in this Chapter. 
Figure 15 shows a contour plot that shows the population distribution regarding 
Rg and number of helical residues. The plot shows a region around Rg close to 20Å 
where the number of helical content starts to increase with a soft exponential inclination. 
This increase is not so steeped as compared to the high-temperature results (figure 4), but 
it is sharper when compared to the results at low pH condition (figure 10). There is an  
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interesting similarity between population distributions of the low temperature and the low 
pH simulations. For both conditions, helices start to form when the Rg ~ 20Å. However, 
the analysis of the different number of contacts and the relative number of helices 
populated during the refolding simulations after low temperature unfolding (that is going 
to be showed later in figure 22) shows a linear relation between these two properties. Just 
to give an idea about this result now, the plot in figure 22 does not have the same flat 
region that we believe is related to the I-state population in the low pH simulations. As far 
as there are not many studies about low temperature unfolding/folding of apoMb, this 
evidence suggests that even though there is a change in the distribution of conformations 
(figure 15) around Rg ~ 20Å, we do not observe the presence of the I-state characterized 
in the low pH denaturation experiments [29] and in our low pH denaturation simulations. 
 The population distribution of conformations as a function of the Rg and the 
number of native contacts (figure 16) shows similarities with respect to the results at low 
pH. These two contour plots show that there was not a bias in taking structures from the 
high-temperature runs from MOIL to produce the low temperature unfolded structures, 
because the results are closer to the low pH than to the high-temperature simulations. 
Thus, there is not reason to believe that computing the unfolded structure at low 
temperature starting with the high-temperature structures had an impact in the folding 
route obtained after low temperature unfolding. Our results indicate that the native 
contacts are forming along the entire folding trajectory after the low temperature 
denaturation, but still there are many of those contacts that form early in the trajectories. 
 A similar conclusion can be drawn from figure 17, where the contacts between the 
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different helices of apoMb are followed during the simulation. These plots are also 
similar to the low pH results in which there are few non-native contacts at the beginning 
of the folding. Most of the contacts that are observed initially in the trajectory are native 
contacts. However, the formation of the contacts between AGH core occurs later in the 
simulation as in the low pH denaturing condition. The contact maps (figure 17) are more 
similar to the low pH than to the high temperature denaturing condition. Figure 17a 
shows more contacts between the A helix and the H helix (VAL17-LYS140, GLU18-
LYS140), and these contacts remain present in the native apoMb. Many native contacts 
between the B and E helices are also present since the beginning of simulation (figure 
17a). Contacts between the CD loop (ARG45) and the D helix (GLU54, and LYS56) 
appear at the beginning (figure 17a), then they disappear for a while during the simulation 
(figure 17c). They start to form again in figures 17d and 17e. They are also contacts 
present in the native apoMb. The D helix is small, and there is a bigger fluctuation 
between its contacts. Figures 17d and e are similar with most native contacts already 
formed when compared to figure 6. The contacts between the B helix and the GH loop 
start to form at the end (figure 17e). The same is observed for the contacts between the C-
G helices. 
Figure 18 shows the formation of the individual helices along the trajectory. It 
displays more fluctuations when it is compared to the other two denaturing conditions. 
This occurs mainly for the C-helix, one of the smallest helices in apoMb, and considered 
to be very unstable until the end of the folding process. We do not see a pattern of early 
formation for the AGH core as we noticed in the same plot at low pH. Figure 18 is more 
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similar to the high-temperature case (figure 8), where it was not clear the presence of the 
ABGH core as in the low pH plot. In this low temperature results most helices, except for 
C helix, are formed towards the end of the refolding trajectories. 
 A pictorial representation of the low temperature refolding is given in figure 19 
where molecular snapshots along the folding trajectory are shown. Comparing this figure 
to figure 9 it is possible to see that the initial unfolded structure at low temperature is not 
as unfolded as the denatured structures of our high temperature runs. 
 These results make evident the main conclusion coming from this work that 
unfolded conformations derived from different unfolding denaturing conditions can have 
a different influence in the apoMb folding route. Explanations and reasons for those 
differences are given in the final two Chapters. 
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CHAPTER 7 
CONCLUSIONS COMPARING THE THREE UNFOLDING CONDITIONS 
 
The overall results of the folding pathway obtained in the previous two Chapters 
are rather different from our published results [98] described in Chapter 4, in which high 
temperature was used to obtain the unfolded structure of apoMb. This is the main 
conclusion reached after the low pH and the low temperature simulations were done. It is 
observed that apoMb follow different routes of folding, depending on the unfolding 
condition used to generate the denatured state. Figure 20 shows a comparison between the 
variation of the Rg and the helical content for each of the three different initial unfolded 
states. It is evident that these properties evolve in different ways depending on the 
unfolding condition used to obtain the denatured state. The low pH curve (black line) of 
figure 18 is more similar to the results obtained in the low pH experiment done by Uzawa 
et al. (2004). The increase of helical content with the decrease of the radius of gyration is 
more sigmoidal compared to the more exponential behavior at high temperature. The cold 
denaturation result (blue line) shows also a sigmoidal shape, but slightly moved to the left 
(towards the high temperature curve).  
 From our results, it was observed a two state process for the refolding of the high 
temperature denatured initial state of apoMb, a more rapid collapse of the protein with no 
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formation of helices arose when compared to the other two denaturing conditions. It is 
claimed that a hydrophobic collapse is an important event in the apoMb folding [29], but 
it is not possible to find the most important contacts forming the helices during the 
folding pathway from our high temperature results (figure 21). This plot shows the 
contacts during the formation of the native helices of apoMb, and it can be observed the 
fluctuation in the data.    
Table 1 (Appendix - page A-24) shows important contacts formed mainly between 
hydrophobic residues (contacts 2, 3, 6, 7, and 8 showed in Table 1) during the refolding 
of the low pH denaturation structures. These contacts are important since they start to 
form in the flat region of the plot of figure 23, and they keep increasing until the 
achievement of the native structure of apoMb. This evidences the hydrophobic collapse 
also as being an important step for the apoMb folding. There are also contacts being 
formed between polar amino acids (contacts number 1, 4, and 12 - see Table 1) and two 
contacts containing charged residues (contacts 10, and 11 - see Table 1). All of these are 
contacts formed during the apoMb folding, and they are present in the native protein. 
There are a variety of interactions taking place during the folding process. Dipolar bonds 
are important to specific structural interactions that stabilize the α-helices. And 
hydrophobic interactions are also important, since they stabilize the native structure by 
driving the overall collapse of the chain. And most of the important contacts between 
amino acids seen in Table 1 (Appendix - page A-24) are hydrophobic. 
In the low temperature denaturing condition, the above specific important contacts 
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present during the low pH folding (red dots in figure 23) are also more difficult to 
delineate (figure 22), because the formation of the contacts relative to the formation of 
native helices is linear. However, the native contacts present towards the end of the 
simulation for all the three denaturing conditions are the same. It means that the important 
contacts to form the native apoMb are present in figures 21-23. The difference is when 
they start to form, and how faster they are formed. Figure 21 shows that these contacts are 
formed towards the end of the simulation. Figures 22 (low temperature unfolding 
condition) and 23 (low pH unfolding condition) displays these contacts being formed 
earlier when compared to figure 21 (high temperature unfolding condition). These three 
plots evidence more structural differences regarding apoMb folding starting from 
different initial state. 
From figure 24 to 31 (see Appendix), it is shown the location between two of the 
contacts described in Table 1 (Appendix - page A-24) to give an idea of how different 
they are for each unfolded structure coming from different denaturing condition. The 
figures display these contacts for each one of the three denaturing condition applied in 
this dissertation. Figure 24 shows the contact HIS24-HIS119 in the native apoMb. The 
native distance of this contact is 0.9Å.  After the unfolding, the distance between these 
residues are 4.4Å, 2.2Å, and 5.6Å, respectively for high temperature, low pH and low 
temperature denaturing conditions (figures 25, 26 and 27). The other contact shown is 
between HIS116 and GLY124. In the native structure, the distance between these two 
amino acids is 1.2Å. And for the high temperature, low pH  
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and low temperature unfolded structures, these distances are 1.3Å, 1.9Å, and 3.8Å. The 
other distances are showed in Table 1 (Appendix - page A-24). An important point to m 
here is the puzzle in the protein folding process regarding the local interactions (residues 
that are relatively close in sequence), when compared to those amino acids that are further 
in sequence (medium-range and long-range interactions). It is expected that these long-
range interactions are important to the tertiary structure, whereas the local interactions 
define the secondary structure. However, the specific role of each type of interaction in 
explaining folding process of proteins remains unknown yet.  
So far we have described the structural analysis extracted from the simulations 
done in this dissertation, and provided explanations for the collected data. In the next 
paragraphs, general ideas will be discussed partially based on others works made for the 
protein apoMb. 
 In the low pH and low temperature simulations, one possible explanation for a 
different unfolding of the protein is that the hydrophobic core of apoMb is surrounded by 
water (explicit water molecules). And the water molecules can affect structurally the 
apoMb atoms. It is believed that the backbone hydrogen bonds of protein core are 
minimized while few water molecules were making hydrogen bonds with the protonated 
side chains of the protein, penetrating in the interior of the native apoMb, and unfolding 
less the protein when compared to the high temperature perturbation. And the 
microscopic unfolding mechanism of the protein can be related to the interaction between 
water and the protein residues [99]. The low pH simulations do not show the same folding 
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behavior considering the distribution of populations along the number of helices and Rg 
(figure 10 and figure 4). One possible reason is that the pH condition can have a 
dependence on the interactions with solvent (water molecules), and the electrostatic 
repulsion with the decrease of the pH makes these interactions weaker. But there is the 
need of more studies about the role of water molecules in the protein folding process, 
since there are unsolved questions regarding the structural nature of the interactions 
between the protein and the water molecules. And the water-induce effects in the 
simulations, like desolvation, cannot be seized by the implicit solvent models that we 
used. 
 The conformations of the unfolded macrostate of the low pH condition are then 
rather different from the high-temperature unfolded ensemble. This could be sufficient for 
the protein to follow another folding route in the funneled energy landscape surface 
(figure 1 - Appendix). 
 Hence, our results reinforce the suggestion that the folding pathway depends 
strongly on the conformational structure of the unfolded state, which has a substantial 
freedom of its degree of conformation. Each side chain of the residues can rotate about 
the single bonds, having a relative motion of the groups and not having a rigid structure. 
In our investigation, it was observed that different non-specific interactions occur in each 
different unfolding condition, becoming difficult to have a definite pattern for the apoMb 
folding. 
 Despite the fact that the data provided in the trajectories generated in this 
dissertation can only be studied using structural analysis, it was briefly discussed in the  
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first chapter of this dissertation (and also thermodynamic explanations were provided 
above regarding the differences in the folding pathways for the three unfolding conditions 
studied in this work) about the current view of protein folding process, the complex 
energy landscape surface. From figure 1 (Appendix), it can be seen an intrinsically high 
conformational entropy of the denatured state, presenting a large number of accessible 
states. Contrarily to the native state, which carries low entropy and it is restricted to the 
configurations of the structure that it can have in its folded state.  However, a protein 
folds, despites the fact that the process goes against the thermodynamically unfavorable 
lost of entropy. Therefore, there has to exist an equilibrium between this entropy lost and 
a decrease of the enthalpy of the system at the same time, since this is the current 
explanation of the thermodynamic process of protein folding. It is also known that it is 
not only the thermodynamics of the protein that it is important in this process. The 
environment surrounding the polypeptide chain, i.e., the solvent properties also 
contributes to the thermodynamics changes in the entropy and enthalpy magnitudes 
during the folding process. 
The findings of this study are relevant in the aspect of providing a better 
understanding about the mechanism of how a protein folds. It can improve the production 
of drugs against diseases associated to misfolded proteins. Other applicability of this 
study is in the nanomaterials area. ApoMb was chosen for this study because of the large 
amount of data available that can guide a theoretical study like this. 
The relevance of this work is the finding that it is needed to pay more attention to the 
denatured state of proteins. As seen in the results of this work, the significance of the 
unfolded state in understanding the folding process is associated to the mechanism of this 
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process. The denatured state should play a dominant role in the folding process and the 
stability of the native protein. It is important to identify the folding-initiation sites in order 
to understand the protein folding mechanism. These sites present some residual structure 
in unfolded proteins, and it seems to be needed to better define the unfolded state, since it 
is the starting point of the folding process. For many proteins, the unfolded state is not 
random, and has a defined structure. The detection of residual structure in unfolded 
proteins may lead to important hints about those initiation sites in protein folding. A large 
number of proteins have hydrophobic regions clustered in the protein core as a residual 
structure in the denatured state. These regions may play a role as seeds in the folding 
process. The fact of the existence of these hydrophobic regions is one of the 
homogeneities found in the very heterogeneous ensemble of the protein structures in the 
denatured state.  
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CHAPTER 8 
FINAL REMARKS 
 
The overall results for each specific denaturing condition described before are not 
similar to each other, and the high temperature do not resemble results from previous 
works, because the trajectories do not show an intermediate state. On the other hand, we 
observed differences in the folding pathway regarding the nature of the initial unfolded 
state. This has three possible explanations: the conformation ensembles of the three 
different unfolding conditions are determinant in the way the protein folds. The other 
explanation is about the statistics of the computer simulations: the number of folding 
trajectories computed may not be enough to obtain a correct average results obtained in 
the experiments. The third possible explanation is that most of the papers about this topic 
analyzed the variation of properties during the unfolding process, while the perturbations 
where still being applied to the system (like for the pH experiments and simulations, for 
example [27-29]). The T-jump experiments are a little different, because they applied the 
T-jump and then studied the relaxation of the protein. But still these papers measured 
different properties of the refolding process, and there was not a clear formation of any 
type of intermediate state in the apoMb folding route in these T-jump experiments. 
 The evidences found in this work show a path-dependent folding of apoMb,  
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suggesting a more complex energy landscape for this protein. Thus, the existence of 
different routes of folding according to the nature of the denatured state reinforces the 
theory of an energy landscape consisting of multiple local minima. An unfolded structure 
that starts to fold in a different area of the energy surface can follow a different folding 
route, following each local minimum of energy the system finds in the way to the native 
state (global energy minimum). This agrees with recent theories of protein folding [100] 
that states there is a conformational heterogeneity of the energy surface. And that an 
individual protein having a large ensemble of unfolded state may follow different routes 
in the conformation space from the denatured state towards the native state and vice-
versa. The kinetics experiments indicate a two-state mechanism of folding, evidenced by 
laser-induced temperature jumps that show an exponential behavior for small jumps. 
However, for larger jumps, this behavior starts to be more non-exponential, implying that 
there can be multiple folding pathways. Thus, as our main result in this dissertation, it can 
be speculated different microstates of the same ensemble of a protein can fold through a 
three-state (or multistate) folding route downhill towards the minimum of the native state 
energy or even can cross the energy barrier between the two states (unfolded and native). 
And these processes can occur simultaneously in that same ensemble, in each different 
denaturing condition ensemble. 
 The starting point for protein folding is the unfolded state. Thus, they are 
especially important for the folding reaction, and must act in order to guide the folding 
process. The understanding of the nature of the denatured state should provide important 
clues to decipher the route a protein follow towards the folded state. The existence of 
native-like interactions in the unfolded state should increase the probability of a protein to 
      54            
reach the native state. One obstacle to the determination of the folding route of proteins is 
the lack of characterization of the denatured state, leading to a poor understanding of the 
denatured state ensemble. There is not a solved tertiary structure of the unfolded state that 
could show the most important interactions that are present in this starting state. This 
information would be valuable in order to identify the differences in the initial 
interactions due to the different condition in which a protein was unfolded. The 
identification of these physical interactions that may stabilize the native protein structure 
is not easy to obtain, because the proteins do not unfold to a simple state, as said before. 
They display a poorly understood ensemble of the denatured state (the polypeptide chains 
do not become random coils after their folded structure breaks down). It is difficult to 
determine the structure of the unfolded state, because it represents a multitude of different 
structures consisting of rapidly interchanging conformations. Then, it has not been 
possible to identify those stabilizing interactions that could induce the ensemble of chain 
conformations that are more populated in the denatured state. Another difficult is that 
some of the analyzed interactions that were retained in the residual structure present in the 
unfolded state involve interactions that are not seen in the native state. Thermodynamics 
studies are also helpful, since the thermodynamics properties are affected by the way a 
protein was unfolded. 
 Therefore, the main conclusion in this work is that the nature of initial denatured 
ensemble critically affects the dynamics of the folding process. 
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Figure 1. Representation of the folding energy landscape. The view of the ruggedness 
                funneled energy landscape of protein folding is the prevailing modern  
                statistical mechanical theory of protein folding. (J. Phys. Chem. B, 2009, 
    113, 26, 8800). 
  
 
 1 VAL   52 GLU 103 TYR     
 2 LEU   53 ALA  104 LEU 
 3 SER   54 GLU  105 GLU 
 4 GLU   55 MET  106 PHE 
 5 GLY   56 LYS  107 ILE 
 6 GLU   57 ALA  108 SER 
 7 TRP   58 SER  109 GLU 
 8 GLN   59 GLU  110 ALA 
 9 LEU   60 ASP  111 ILE 
10 VAL   61 LEU  112 ILE 
11 LEU   62 LYS  113 HIS 
12 HIS   63 LYS  114 VAL 
13 VAL   64 HIS   115 LEU 
14 TRP   65 GLY  116 HIP 
15 ALA   66 VAL  117 SER 
16 LYS   67 THR  118 ARG 
17 VAL   68 VAL  119 HIS 
18 GLU   69 LEU  120 PRO 
19 ALA   70 THR  121 GLY 
20 ASP   71 ALA  122 ASP 
21 VAL   72 LEU  123 PHE 
22 ALA   73 GLY  124 GLY 
23 GLY   74 ALA  125 ALA 
24 HIS   75 ILE   126 ASP 
25 GLY   76 LEU  127 ALA 
26 GLN   77 LYS  128 GLN 
27 ASP   78 LYS  129 GLY 
28 ILE   79 LYS  130 ALA 
29 LEU   80 GLY  131 MET 
30 ILE   81 HIP   132 ASN 
31 ARG   82 HIS   133 LYS 
32 LEU   83 GLU  134 ALA 
33 PHE   84 ALA  135 LEU 
34 LYS   85 GLU  136 GLU 
35 SER   86 LEU  137 LEU 
36 HIP   87 LYS  138 PHE 
37 PRO   88 PRO  139 ARG 
38 GLU   89 LEU  140 LYS 
39 THR   90 ALA  141 ASP 
40 LEU   91 GLN  142 ILE 
41 GLU   92 SER  143 ALA 
42 LYS   93 HIS   144 ALA 
43 PHE   94 ALA  145 LYS 
44 ASP   95 THR  146 TYR 
45 ARG   96 LYS  147 LYS 
46 PHE   97 HIS   148 GLU 
47 LYS   98 LYS  149 LEU 
48 HIS   99 ILE   150 GLY 
49 LEU  100 PRO 151 TYR 
50 LYS  101 ILE  152 GLN 
51 THR  102 LYS 153 GLY 
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Figure 2. Myoglobin amino acid 
                 sequence. It shows the 
                 number of amino acid that 
                 corresponds each helices in 
                 the protein. 
 
 
  From - To Amino acid 
 
Helix A    4  18 
Helix B   22  34 
Helix C   38  41 
Helix D   52  56 
Helix E   60  77 
Helix F   83  96 
Helix G 102     117 
Helix H 125     149 
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Figure 3. Native structure of apomyoglobin, showing 
helices A to H. This molecular view was 
extracted from the crystal structure of 
myoglobin (PDB ID - 2mb5) after the removal 
of the heme group. The picture was made using 
the VMD (Visual Molecular Dynamics - 
version 1.8.6). 
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Figure 4. Contour plot of the radius of gyration and 
helicity for the high temperature condition. It is 
showing the population distribution of 
conformation having different values of radius 
of gyration and helical content for the four 
folding trajectories computed. A residue is 
considered to have a helical conformation if the 
dihedral angles are -140.0° ≤ φ ≤ -37.5° and -
69.0° ≤ ψ ≤ -21.0°. 
radius of gyration (angstrons)
nu
m
be
r h
el
ic
al
 re
si
du
es
nu
m
be
r h
el
ic
al
 re
si
du
es
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
68 
 
number of native contacts
ra
di
us
 o
f g
yr
at
io
n 
(a
ng
st
ro
ns
)
ra
di
us
 o
f g
yr
at
io
n 
(a
ng
st
ro
ns
)
ra
di
us
 o
f g
yr
at
io
n 
(a
ng
st
ro
ns
)
ra
di
us
 o
f g
yr
at
io
n 
(a
ng
st
ro
ns
)
Figure 5. Graphic of number of contacts and Rg for the high 
temperature condition. Contour plot representing the 
population distribution of structures for the four 
folding trajectories as a function of the number of 
native contacts and radius of gyration. 
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Figure 6. Plot showing amino acids contact 
between the helices (A-H) in the 
native structure of apomyoglobin. 
Two amino acids are considered in 
contact if they are five residues 
away from each other, and the 
distance between the center of 
mass of the side chains of each 
residue are within 6.5 Å. 
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Figure 7. Plots showing amino acids 
contact between the helices 
(A-H) along the four 
folding high temperature 
trajectories. (a) sum of 
contacts for the first 300 
configurations in the 
trajectory, (b)  contacts 
from structure 301 to 600, 
(c) from structure 601 to 
900, (d) from 901 to 1200, 
(e) from 1201 to 1500.  
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Figure 8. The variation of the helical content for each specific helix of 
apomyoglobin as a function of the normalized path length. This is 
an average over the four folding high temperature trajectories 
computed. 
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Figure 9. Molecular snapshots along one of the high temperature folding 
trajectories of apomyoglobin. The last structure (Rg = 14.48 Å) is 
the native conformation. The snapshots taken were equally spaced 
along the trajectory. 
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Figure 10. Contour plot showing the population distribution of conformation 
having different values of radius of gyration and helical content for 
the four low pH folding trajectories computed. A residue is 
considered to have a helical conformation if the dihedral angles are 
-140.0° ≤ φ ≤ -37.5° and -69.0° ≤ ψ ≤ -21.0°. 
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Figure 11.Contour plot representing the population distribution of 
structures for the four low pH folding trajectories as a 
function of the number of native contacts and radius of 
gyration. 
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Figure 12. Plots showing amino acids 
contact between the helices 
(A-H) along the four 
folding low pH trajectories. 
(a) sum of contacts for the 
first 300 configurations in 
the trajectory, (b)  contacts 
from structure 301 to 600, 
(c) from structure 601 to 
900, (d) from 901 to 1200, 
(e) from 1201 to 1500.  
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Figure 13. The variation of the helical content for each specific 
helix of apomyoglobin as a function of the normalized 
path length. This is an average over the four folding low 
pH trajectories computed. 
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Rg = 24.60 Å Rg = 22.98 Å Rg = 20.85 Å
Rg = 17.84 Å Rg = 15.68 Å Rg = 14.48 Å
Figure 14. Molecular snapshots along one of the low pH folding 
trajectories of apomyoglobin. The last structure (Rg = 14.48 Å) 
is the native conformation. The snapshots taken were equally 
spaced along the trajectory. 
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Figure 15. Contour plot showing the population distribution of 
conformation having different values of radius of gyration 
and helical content for the four low temperature folding 
trajectories computed. A residue is considered to have a 
helical conformation if the dihedral angles are -140.0° ≤ φ ≤ 
-37.5° and -69.0° ≤ ψ ≤ -21.0°. 
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Figure 16. Contour plot representing the population distribution of 
structures for the four low temperature folding trajectories 
as a function of the number of native contacts and radius 
of gyration. 
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Figure 17. Plots showing amino acids 
contact between the helices 
(A-H) along the four 
folding low temperature 
trajectories. (a) sum of 
contacts for the first 300 
configurations in the 
trajectory, (b)  contacts 
from structure 301 to 600, 
(c) from structure 601 to 
900, (d) from 901 to 1200, 
(e) from 1201 to 1500.  
20 40 60 80 100 120 140
20
40
60
80
100
120
140
HGFEDCBA
H
G
F
E
D
aa
aa - 300 (cold265_2200)
A
B
C
aa
20 40 60 80 100 120 140
20
40
60
80
100
120
140
HGFEDCBA
H
G
F
E
D
aa
aa - 600 (cold265_2200)
A
B
C
aa
20 40 60 80 100 120 140
20
40
60
80
100
120
140
HGFEDCBA
H
G
F
E
D
aa
aa - 900 (cold265_2200)
A
B
C
aa
20 40 60 80 100 120 140
20
40
60
80
100
120
140
HGFEDCBA
H
G
F
E
D
aa
aa - 1200 (cold265_2200)
A
B
C
aa
20 40 60 80 100 120 140
20
40
60
80
100
120
140
HGFEDCBA
H
G
F
E
D
aa
aa - 1500 (cold265_2200)
A
B
C
aa
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
81 
0 20 40 60 80 100
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
 D
 C
 B
 E
%
 ri
gh
t h
el
ix
path_length
 H
 F
 A
 G
Figure 18. The variation of the helical content for each specific helix 
of apomyoglobin as a function of the normalized path 
length. This is an average over the four folding low 
temperature trajectories computed. 
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Rg = 25.55 Å Rg = 22.65 Å Rg = 20.53 Å
Rg = 18.40 Å Rg = 16.41 Å Rg = 14.48 Å
Figure 19. Molecular snapshots along one of the low temperature folding 
trajectories of apomyoglobin. The last structure (Rg = 14.48 Å) 
is the native conformation. The snapshots taken were equally 
spaced along the trajectory. 
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Figure 20. Comparison of the behavior of the radius of gyration (Rg) as a 
          function of the helical content for the folding trajectories  
       obtained from the three different denaturing conditions 
       analyzed in this work. This is an average over the different 
       trajectories computed at each condition. 
 
10 15 20 25 30 35
0
10
20
30
40
50
 high temperature unfolding
 low temperature unfolding
%
 ri
gh
t h
el
ix
 (t
ot
al
)
Rg
 low pH unfolding
%
 ri
gh
t h
el
ix
 (t
ot
al
)
 
 
 
 
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
0
20
40
60
80
100
120
140
160
180
# 
of
 c
on
ta
ct
s
helical content
high temperature
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
84 
Figure 21. Plot showing the total number of contacts as 
a function of the formation of the eight helices present 
in the apoMb. This analysis is for the high temperature 
condition. It evidences a spread behavior when 
considering these two properties. The red dots are the 
same contacts that are formed intensively in the picture 
23. 
 
 
 
 
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
0
20
40
60
80
100
120
140
160
180
# 
of
 c
on
ta
ct
s
helical content
low temperature
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
85 
Figure 22. The information in this graphic is the same as in the 
previous plot, but now for the low temperature condition. It 
shows the development of the total number of contacts versus 
the formation of all the eight helices of apoMb. It is possible to 
observe here the linear accumulation of the contacts regarding 
the formation of the helices. The red dots are the same contacts 
that are displaying in figure 23. 
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Figure 23. The distribution in this graphic is more illustrative 
about an accumulation of some intermediate state. The evolution 
of the contacts following the formation of the helices shows a flat 
region, indicative of another state in the folding route of apoMb. 
The red dots are the contacts that start to form intensively when 
the helical content is about 40%. These contacts keep increasing 
during the simulation, and they are present in the native apoMb 
(in a relative big number compared to other contacts).  
  
  
HELICES 
OR 
LOOPS 
 
RESIDUES 
NATIVE 
DISTANCE 
(Å) 
UNFOLDED 
DISTANCE 
(Å) 
high-temp  low Ph  low temp 
A-(EF) HIS12-GLY80 1.1     2.2          3.3        3.1 
A-(GH) VAL17-PRO120 0.8     3.5          5.2        6.4 
A-(GH) VAL17-PHE123 0.7     4.9          5.0        4.7 
B-(GH) HIS24-HIS119 0.9     3.9          2.2        5.6 
B-(GH) GLY25-PRO120 0.9     3.8          1.9        2.2 
B-G LEU29-ILE112 0.8     3.1          2.4        7.6 
B-G LEU32-ILE111 0.7     3.2          2.1        7.6 
B-G LEU32-LEU115 0.7     3.5          2.2        7.4 
B-G PHE33-SER108 0.6     3.2          1.8        7.6 
(BC)-D SER35-GLU52 0.5     2.1          2.8        6.3 
(CD)-D LYS50-LYS56 0.7     1.2          1.6        7.3 
G-(GH) HIS116-GLY124 1.2  1.3          1.9        3.8 
G-(GH) SER117-GLY124 1.4     1.2          1.4        4.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
  
 
 
 
 
87 
Figure 24. Relation between the amino acids belonging to each of the specific 
contacts associated with each specific helix or loop. The loops are indicated in 
parentheses.  
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HIS 119 
Figura 25. Representation of the contact number 4 (HIS24-HIS119) from 
Table 1. It is represented the native structure. The figure shows the side chains 
of the two histidine residues. The distance between the α-carbons of each 
residue is 0.9Å. 
HIS 24 
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Figure 26. Figure showing the distance between the 
contact number 4 (HIS24-HIS119) from Table 1, after the 
native structure of apoMb was unfolded through high 
temperature. The distance between the α-carbons of each 
residue is 4.4Å  
HIS 119 HIS 119 
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HIS 119 
Figure 27. Figure showing the distance between the contact number 4 
(HIS24-HIS119) from Table 1, after the native structure of apoMb was 
unfolded through lowering the pH to obtain the denatured state. The 
distance between the α-carbons of each residue is 2.2Å  
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
91 
HIS 119 
Figure 28. Representation of the distance between 
the contact number 4 (HIS24-HIS119) from Table 1, 
after the native structure of apoMb was unfolded 
through low temperature. The distance between the 
α-carbons of each residue is 5.6Å  
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GLY 124 
Figure 29. Molecular representation of the native 
structure of apoMb showing the contact number 12 
(HIS116-GLY124) from the Table 1. The figure 
shows the side chains of the two residues. The 
distance between the α-carbons of each residue is 
1.2Å  
HIS 116 
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GLY 124 
Figure 30. Figure showing the distance between the 
contact number 12 (HIS116-GLY124) from Table 1, 
after the native structure of apoMb was unfolded 
through high temperature. The distance between the 
α-carbons of each residue is 1.3Å  
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
94 
Figure 31. Representation of the distance between 
the contact number 12 (HIS116-GLY124) from 
Table 1, after the native structure of apoMb was 
unfolded through lowering the pH. The distance 
between the α-carbons of each residue is 1.9Å  
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GLY 124 
Figure 32. Figure showing the distance between the 
contact number 12 (HIS116-GLY124) from Table 1, 
after the native structure of apoMb was unfolded 
through low temperature condition. The distance 
between the α-carbons of each residue is 3.8Å  
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